Lipodystrophy is characterized by the complete or partial absence of adipose tissue, insulin resistance, hepatic steatosis, and leptin deficiency. Here, we show that low-dose central leptin corrects the insulin resistance and fatty liver of lipodystrophic aP2-nSREBP-1c mice, while the same dose given peripherally does not. Central leptin also repressed stearoylCoA desaturase-1 (SCD-1) RNA and enzymatic activity, which were increased in livers of lipodystrophic mice. aP2-nSREBP-1c mice homozygous for an SCD-1 deletion had markedly reduced hepatic steatosis, increased saturated fatty acids, decreased acetyl-CoA carboxylase activity, and decreased malonyl-CoA levels in the liver. Despite the reduction in hepatic steatosis, these mice remained diabetic. A leptin dose-response curve showed that subcutaneous leptin improved hyperglycemia and hyperinsulinemia in aP2-nSREBP1c mice at doses that did not substantially alter hepatic steatosis or hepatic SCD enzymatic activity. Leptin treatment at this dose improved insulin-stimulated insulin receptor and insulin receptor substrate 2 (IRS-2) phosphorylation, IRS-2-associated PI3K activity, and Akt activity in liver. Together, these data suggest that CNS-mediated repression of SCD-1 contributes to leptin's antisteatotic actions. Intracerebroventricular leptin improves glucose homeostasis by improving insulin signal transduction in liver, but in this case the effect appears to be independent of SCD-1.
Introduction
Lipodystrophy is characterized by the complete or partial absence of adipose tissue, insulin resistance, hepatic steatosis, and leptin deficiency. Here, we show that low-dose central leptin corrects the insulin resistance and fatty liver of lipodystrophic aP2-nSREBP-1c mice, while the same dose given peripherally does not. Central leptin also repressed stearoyl-CoA desaturase-1 (SCD-1) RNA and enzymatic activity, which were increased in livers of lipodystrophic mice. aP2-nSREBP-1c mice homozygous for an SCD-1 deletion had markedly reduced hepatic steatosis, increased saturated fatty acids, decreased acetyl-CoA carboxylase activity, and decreased malonyl-CoA levels in the liver. Despite the reduction in hepatic steatosis, these mice remained diabetic. A leptin dose-response curve showed that subcutaneous leptin improved hyperglycemia and hyperinsulinemia in aP2-nSREBP-1c mice at doses that did not substantially alter hepatic steatosis or hepatic SCD enzymatic activity. Leptin treatment at this dose improved insulin-stimulated insulin receptor and insulin receptor substrate 2 (IRS-2) phosphorylation, IRS-2-associated PI3K activity, and Akt activity in liver. Together, these data suggest that CNS-mediated repression of SCD-1 contributes to leptin's antisteatotic actions. Intracerebroventricular leptin improves glucose homeostasis by improving insulin signal transduction in liver, but in this case the effect appears to be independent of SCD-1. desaturase-1 (SCD-1) in the livers of lipodystrophic animals. The contribution of SCD-1 to the diabetic and steatotic phenotype of lipodystrophic mice was assessed in crosses to SCD-1-deficient (asebia) mice. These studies showed that leptin acts via the CNS to reduce SCD-1 RNA and activity levels in liver, thereby improving hepatic steatosis. Further studies suggest that leptin improves diabetes in lipodystrophic mice via an insulin-dependent pathway that appears to be independent of its effects on SCD-1 and steatosis. These data identify a potential site and mechanism by which leptin action reduces steatosis and also have important implications for leptin's insulin-sensitizing effects.
Methods
Mouse breeding and maintenance. aP2-nSREBP-1c mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). aP2-nSREBP-1c males (C57BL/6J × SJL background) were crossed to C57BL/6J females. aP2-nSREBP-1c males and littermate controls generated from this cross were used in the following studies. Asebia (ab J /ab J ) mice were purchased from The Jackson Laboratory. We crossed ab J /ab J mice (background information is available at http://www.informatics.jax.org/external/ festing/mouse/docs/ABJ.shtml) to aP2-nSREBP-1c mice to generate ab J /+;aP2-nSREBP-1c males; these males were then crossed with ab J /+ females to generate ab J /ab J ;aP2-nSREBP-1c mice and littermate controls. Genotypes were determined by genomic PCR and Southern blotting. All animals were housed on a 12-hour light/dark cycle at 23°C with free access to water and food. All procedures were in accordance with the guidelines of The Rockefeller University Laboratory Animal Research Center.
Metabolic assays and procedures. Upon sacrificing the mice, blood was collected in EDTA containing tubes, and plasma was obtained following centrifugation of blood. We measured plasma leptin and insulin levels using mouse ELISA kits (R&D Systems Inc., Minneapolis, Minnesota, USA; and ALPCO Diagnostics, Windham, New Hampshire, USA, respectively). We determined plasma glucose, triglyceride, and cholesterol levels using Glucose Trinder reagent, Infinity Triglycerides reagent, and Infinity Cholesterol reagent, respectively (Sigma-Aldrich, St. Louis, Missouri, USA). We measured liver triglyceride levels as previously described (19) . Histology was performed on livers fixed in 10% formalin and stained with H&E.
Intracerebroventricular leptin treatment. Mice were studied between 14 and 18 weeks of age. Two weeks before leptin treatment, mice were individually caged. Baseline weight and food intake were measured every other day in the mid-light cycle. At the beginning of treatment, mice were divided into two weight-matched groups. One group was treated with 12 ng/h of recombinant mouse leptin (Amgen Inc., Thousand Oaks, California, USA) and the other was treated with PBS for 12 days. Mice were anesthetized with ketamine and xylazine, and a cannula connected to an ALZET miniosmotic pump (ALZA Corp., Palo Alto, California, USA) was placed into the third ventricle as previously described (20) . During the treatment, food intake and body weight were recorded daily, and on day 12, mice were sacrificed during the mid-light cycle.
Subcutaneous leptin treatment. aP2-nSREBP-1c mice were treated with 12 ng/h, 25 ng/h, 50 ng/h, 100 ng/h, and 200 ng/h of recombinant mouse leptin or PBS for 12 days using subcutaneously placed ALZET miniosmotic pumps, as previously described (20) . Food intake and weight were monitored as described above.
Microarrays. RNA isolated from four individual liver samples was pooled, labeled, and hybridized once to Affymetrix Murine Genome U74Av2 chips according to Affymetrix protocols (Affymetrix Inc., Santa Clara, California, USA). In specific cases, Affymetrix results were reconfirmed using TaqMan real-time PCR assay. Initial analysis and comparisons were performed using a foldchange cutoff of 1.5, a change P value of less than 0.0025, and a detection P value of 0.05 in the experiment or base line depending on the sign of the fold change.
Cluster and correlation analysis. Cluster analysis was performed using standard hierarchical clustering with the average-linkage method. The distance measure was [1-14 C] oleate was used to measure SCD enzyme activity from individual liver extracts as previously described (19) .
TaqMan. SCD-1 mRNA levels were quantitated using TaqMan real-time PCR from individual livers with probes and primers designed for SCD-1. SCD-1 RNA levels were measured in duplicate in aP2-nSREBP-1c mice, WT littermates, and aP2-nSREBP-1c mice treated with icv leptin, icv PBS, and several doses of peripheral leptin. A cyclophilin probe and primers were used to quantify cyclophilin mRNA levels as a control for each sample.
Fatty acid analysis. Total lipids were extracted from tissues according to the method of Bligh and Dyer as previously described (21) . The fatty acids were quantitated by gas liquid chromatography as previously described (22) . Pentadecanoic acid (Sigma-Aldrich) was added as an internal standard for the quantitation of fatty acids.
Extraction and measurement of acetyl-CoA carboxylase activity. Isolation of acetyl-CoA carboxylase (ACC) was performed as previously described (23) . ACC activity in the 6% polyethylene glycol 8000 fraction was determined using the [ 14 C]bicarbonate fixation assay (24) .
Determination of malonyl-CoA content. Malonyl-CoA levels in liver were measured using highly purified fatty acid synthetase as previously described (25) .
In vivo insulin stimulation and analysis of insulin-signaling proteins. Male aP2-nSREBP-1c mice were treated for 12 days with either 50 ng/h of subcutaneous leptin or PBS. On day 12, mice were anesthetized with pentobarbital after an overnight fast, and injected with 5 units of regular human insulin (Lilly Research Laboratories, Indi-anapolis, Indiana, USA) into the inferior vena cava. Livers and muscles were excised after 5 minutes and freezeclamped in liquid nitrogen. Insulin-signaling molecules were analyzed as previously described (26) .
PI3K assay and AKT kinase assay. Liver and muscle homogenates from the in vivo insulin stimulation were used to assay PI3K and AKT kinase activity as previously described (26) .
Statistical analysis. All data are expressed as means ± SE. An unpaired Student's t test was used to determine significance.
Results
Intracerebroventricular leptin administration corrects the metabolic abnormalities associated with lipodystrophy. We administered recombinant murine leptin (12 ng/h) or PBS icv to aP2-nSREBP-1c mice for 12 days (20) (Figure 1) . In separate studies, lipodystrophic animals were treated with a higher dose of subcutaneous leptin (200 ng/h for 12 days) or PBS. This subcutaneous dose has previously been shown to fully correct the metabolic defects in lipodystrophic mice (9) . Intracerebroventricular leptin (12 ng/h) did not change plasma leptin levels in lipodystrophic mice (Figure 1a) . In animals treated with icv leptin, food intake was reduced by 26.2% (Figure 1b) and body weight was reduced by 17.3% (Figure 1c) relative to PBS-treated controls. This dose of icv leptin treatment markedly improved insulin sensitivity, as both plasma glucose and plasma insulin levels were significantly lowered ( Figure 1, d and e) . Finally, icv leptin treatment decreased liver triglyceride levels sevenfold ( Figure 2a ) and reduced liver mass by 67.5% relative to PBS-treated controls (Figure 2b ). Histological analysis confirmed that the icv leptin treatment corrected the fatty liver of aP2-nSREBP-1c mice (Figure 2 , c and d). As an additional control, we treated a separate group of aP2-nSREBP-1c mice with 12 ng/h of peripheral leptin, the same dose used in the icv treatment. This dose had no effect on any of the parameters shown in Figures 1 and 2 (data not shown). In all cases, icv leptin was as potent as or more potent than a much higher dose of peripheral leptin in correcting the metabolic abnormalities associated with lipodystrophy. These data suggest that leptin's effects on insulin action, diabetes, and hepatic steatosis in lipodystrophy can be mediated exclusively via the CNS.
Several liver genes involved in lipid and glucose metabolism are similarly altered by icv and subcutaneous leptin. We next compared liver gene expression profiles in aP2-nSREBP1c and WT mice with and without peripheral or central leptin treatment. mRNAs for several enzymes involved in fatty acid synthesis, glycolysis, and gluconeogenesis have been previously found to be differentially expressed in livers of aP2-nSREBP-1c mice and normalized by peripheral leptin treatment (27) . We examined the expression profiles of a group of genes known to regulate lipid and glucose metabolism following either central or peripheral leptin administration (Table 1 ). For each of these genes, an equivalent or greater response was evident after icv leptin treatment. For example, malic enzyme and fatty acid synthase, enzymes involved in fatty acid synthesis, were upregulated 3.0-and 3.7-fold, respectively, in aP2-nSREBP-1c relative to WT liver. These two genes were downregulated 7.0-and 4.3-fold, respectively, after icv leptin administration versus 2.6-fold and twofold, respectively, after peripheral leptin treatment (relative to PBS-treated transgenic livers). In aP2-nSREBP-1c livers, pyruvate kinase, a glycolytic enzyme, and glucose-6-phosphatase, a gluconeogenic enzyme, were upregulated 3.0-and 3.3-fold, respectively, relative to WT livers. Intracerebroventricular leptin treatment downregulated these genes 7.0-and 4.3-fold, respectively, and peripheral leptin administration downregulated them 2.5-and 1.5-fold, respectively (relative to PBS-treated transgenic livers). Expression of these genes was normalized to WT levels following icv leptin treatment. Several other genes were similarly regulated by both central and peripheral leptin, with most genes more strongly regulated by icv than by peripheral leptin (see Supplemental Tables 1 and 2 ; http:// www.jci.org/cgi/content/full/113/3/414/DC1). Furthermore, many of the genes that were altered between lipodystrophic and WT livers were also differentially expressed in livers of ob/ob mice compared with WT mice, indicating that the alterations in liver gene expression in aP2-nSREBP-1c mice resemble those of congenital leptin deficiency (19) .
Global gene-expression profiles in livers of mice treated with icv and subcutaneous leptin are significantly correlated. In order to extend the analysis of gene expression beyond the comparison of a few key genes, we used standard hierarchical clustering to assess the similarity of central versus peripheral leptin treatment (Figure 3a ). In the resulting dendrogram, the transcription profiles in liver after subcutaneous and icv leptin treatments clustered together, indicating that the gene expression pattern of icv leptin treatment was more similar to the 200-ng/h dose of peripheral leptin treatment than to any others tested.
In order to provide more robust quantitative information on the significance of the similarities, we developed a novel approach to determine the significance of the similarity (correlation) between the transcription profiles in liver following icv and subcutaneous leptin administration. We compared the global gene-expression profiles of icv and subcutaneous leptin treatment using two methods: (i) correlation analysis between genes that are similarly regulated in both experiments, in what is referred to as the intersection set, and (ii) correlation analysis among genes that are regulated in either or both experiments, in what is referred to as the union set (see Supplemental Note 1 for a more detailed description of this method; http://www.jci.org/cgi/content/full/113/3/414/DC1). A linear regression of the logarithms of the fold changes in the intersection set showed a slope of 0.6 of peripheral leptin vs. icv leptin and a correlation coefficient of 0.897 (Figure 3b ). The slope of 0.6 indicated that, in general, icv leptin treatment had a greater effect than subcutaneous leptin administration (see Supplemental Note 2). In this analysis, in the union set, the correlation of icv versus subcutaneous leptin treatment was 0.738 ( Figure 3b) , with a calculated P value of approximately 0.0014. This correlation was one of the highest correlations observed among the 3,692 pairs of samples that were studied, indicating that the transcriptional responses to icv and subcutaneous leptin are highly similar (Figure 3d ) (see Supplemental Note 3).
Transcription profiles in skeletal muscle. As muscle is the primary site of insulin-stimulated glucose disposal, we also analyzed gene-expression profiles in skeletal muscle of aP2-nSREBP-1c transgenic mice following icv and subcutaneous leptin administration. In contrast to the effects of leptin on gene expression in liver, gene expression in skeletal muscle was largely unchanged by central and peripheral leptin. The genes that were regulated by leptin included major urinary protein group 1, acetylCoA dehydrogenase, dienoyl-CoA isomerase ECH1p, and fatty acid-binding protein 3. Consistent with other findings, the correlation between central and peripher- The line space separates the genes downregulated by leptin treatment (above the line space) from the genes upregulated by leptin treatment (below the line space).
al leptin was relatively low (see Supplemental Figure 1 ; http://www.jci.org/cgi/content/full/113/3/414/DC1), suggesting that leptin might directly influence gene expression in muscle but not in liver (16) .
SCD-1 in lipodystrophy.
The microarray studies showed that the levels of hepatic SCD-1 RNA were elevated in lipodystrophic livers and reduced by both central and peripheral leptin. SCD-1 is a microsomal enzyme that catalyzes the synthesis of monounsaturated fatty acids from saturated fatty acids (19, 28, 29) . The mRNA level for SCD-1 was elevated 2.3-fold in the liver of aP2-nSREBP-1c relative to WT mice, and its enzymatic activity was increased 3.8-fold. Intracerebroventricular leptin administration reduced SCD-1 mRNA levels A pairwise comparison of icv and subcutaneous leptin gene expression is shown for genes regulated by both treatments (the intersection set). In the first quadrant, gene expression is increased in subcutaneous treatment and decreased in icv treatment; in the second quadrant, gene expression is increased in both treatments; in the third quadrant, gene expression is decreased in both treatments; and in the fourth quadrant, gene expression is decreased in subcutaneous treatment and increased in icv treatment. In almost all cases, gene expression is similarly regulated by both treatments. ρ denotes the correlation value. (c) The logarithm of fold changes of subcutaneous leptin versus PBS and icv leptin versus PBS for genes regulated by either treatment (the union set) is shown. (d) The distribution of correlations of 3,962 pairwise comparisons from our database is shown. The arrow shows the correlation of the icv leptin versus PBS treatment and the subcutaneous leptin versus PBS treatment. This shows that gene expression after icv and subcutaneous leptin is more highly correlated than for the other comparisons (P < 0.002). (Figure 4a ). SCD enzyme activity was reduced 87.4% with icv leptin infusion and 68.2% with subcutaneous leptin administration relative to that in PBS-treated controls (Figure 4b ). Both SCD-1 RNA and enzymatic activity were corrected to WT levels following either treatment.
5.2-fold versus a 3.2-fold decrease for peripheral leptin treatment
To determine the extent to which high levels of SCD contribute to the fatty liver and insulin resistance of aP2-nSREBP-1c mice, we generated aP2-nSREBP-1c transgenic mice lacking SCD-1. The resulting ab J /ab J ;aP2-nSREBP-1c mice remained lipodystrophic, possessing virtually no white adipose tissue. However, in ab J /ab J ;aP2-nSREBP-1c mice, the gross liver appearance was markedly improved (Figure 5a ). Histological sections of the livers showed a marked reduction in the number of lipid droplets (Figure 5b) , and liver triglyceride levels were significantly reduced (Figure 5c ).
To further analyze the mechanism by which SCD deficiency improved hepatic steatosis, we measured hepatic lipid content, ACC activity, and malonyl-CoA levels. In aP2-nSREBP1c mice, the hepatic levels of 16:1 and 18:1 monounsaturated fats were increased compared with those in control mice. SCD-1 deficiency in ab J /ab J ;aP2-nSREBP-1c mice decreased the relative levels of monounsaturated fats to WT levels (Figure 5d ). ACC activity and malonyl-CoA levels were significantly elevated in aP2-nSREBP-1c mice, and both were reduced to WT levels in ab J /ab J ;aP2-nSREBP-1c mice ( Figure 5, e and f) . Reduction of the levels of ACC activity and malonyl-CoA acts to increase mitochondrial fatty acid import and fatty acid oxidation.
Despite the improved hepatic steatosis, the ab J /ab J ;aP2-nSREBP-1c animals were still hyperglycemic, with glucose levels as high as or higher than those of standard aP2-nSREBP-1c transgenic mice (Figure 5g) . The ab J /ab J ;aP2-nSREBP-1c mice had lower levels of insulin than aP2-nSREBP-1c transgenic mice (Figure 5h) , which, coupled with the higher glucose levels, suggested that there was possibly β cell failure. It has been previously suggested that accumulation of saturated fatty acids in a cell can lead to apoptosis (30) . These data might suggest that lipid content and SCD-1 activity might also influence β cell function or viability. Plasma triglycerides, cholesterol, and FFAs were unchanged in ab J /ab J ;aP2-nSREBP-1c mice versus aP2-nSREBP-1c controls (data not shown).
Leptin improves insulin action independent of effects on hepatic steatosis and SCD activity. The results from studies of ab J /ab J ;aP2-nSREBP-1c mice suggest that leptin's antidiabetic effects are independent of its ability to clear lipid in liver and other tissues. In order to further explore this possibility and the underlying mechanism, we generated a dose-response curve for subcutaneous leptin in aP2-nSREBP-1c mice. The objective of this study was to assess whether leptin's ability to improve diabetes was evident at the same dose as its ability to reduce steatosis, or at a different dose. We infused leptin at 12 ng/h, 25 ng/h, 50 ng/h, and 100 ng/h, with the highest dose being 200 ng/h, a dose that has been previously shown to both improve diabetes and reduce steatosis (9) . Liver triglyceride levels were corrected to WT levels at the 200-ng/h leptin dose, whereas the reductions were modest at the lower infusion rates (Figure 6a) . Similarly, SCD-1 mRNA levels (see Supplemental Figure 2 ; http://www.jci.org/cgi/content/full/113/3/ 414/DC1) and SCD activity were corrected to WT levels only with the 200-ng/h leptin infusion (Figure 6b) .
While SCD activity and liver triglyceride levels were normalized only at the highest dose, there was a significant reduction in both plasma glucose and plasma insulin levels at the 50-ng/h, 100-ng/h, and 200-ng/h leptin doses ( Figure 6, c and d) . Thus, leptin improves diabetes at doses that do not normalize hepatic steatosis or reduce SCD-1 activity to WT levels. This suggests the possibility that leptin's antidiabetic effects are independent of its ability to repress SCD-1 and reduce steatosis. In principle, leptin could improve diabetes by increasing glucose uptake or decreasing hepatic glucose output independent of insulin or by improving insulin signal transduction. To distinguish between these possibilities, we studied the effects of insulin in aP2-nSREBP-1c mice after treatment with a dose of peripheral leptin (50 ng/h) that improves diabetes but does not correct steatosis or reduce SCD-1 activity to WT levels ( Figure 6 ).
In the livers from lipodystrophic mice, there was a marked reduction in insulin-stimulated insulin receptor substrate 2 (IRS-2) phosphorylation and a decrease in both IRS-2-associated PI3K activity and Akt activity compared with those in the livers from WT animals ( Figure 7, a-c) . Leptin treatment (50 ng/h) normalized insulin-stimulated IRS-2 phosphorylation and IRS-2-associated PI3K activity and Akt activity in livers of lipodystrophic mice (Figure 7, a-c) . In skeletal muscle from the lipodystrophic mice, there was also a decrease in IRS-1-associated PI3K activity and Akt activity. However, in this tissue, leptin treatment did not fully correct the attenuated response to insulin (Figure 7, d and e) .
Discussion
Leptin has potent antidiabetic and antisteatotic effects in human and rodent lipodystrophy (6, 9) . Our findings strongly suggest that leptin's metabolic effects and its actions on liver gene expression in lipodystrophy are indirect via the CNS. This conclusion is consistent with data from icv treatment of leptin-deficient ob/ob and WT mice (31) . Furthermore, mice with a neuron-specific knockout of the leptin receptor are (g and h) Plasma glucose and plasma insulin levels, respectively. Error bars indicate the SE; n = 7 for the aP2-nSREBP-1c group, n = 6 for the ab J /ab J ;aP2-nSREBP-1c group, and n = 3 for the ab J /ab J group. *P < 0.05, ab J /ab J ;aP2-nSREBP1c vs. aP2-nSREBP-1c mice; † P < 0.05, aP2-nSREBP-1c vs. ab J /ab J or ab J /+; # P < 0.05 ab J /ab J ;aP2-nSREBP-1c vs. ab J /ab J or ab J /+. obese and develop hepatic steatosis, while mice with a liver-specific knockout are not obese and do not develop hepatic steatosis (15). Our conclusion above is also consistent with previous studies showing that the CNS plays an important role in regulating glucose homeostasis (32) . Several recent reports suggest that leptin can exert direct effects on peripheral tissues. Leptin increases fatty acid oxidation in skeletal muscle by activating AMP-activated protein kinase (AMPK), which in turn phosphorylates and inactivates ACC (16) . Leptin has also been suggested to activate fatty acid oxidation in the heart independent of AMPK activation (17) . In liver, leptin is suggested to increase fatty acid oxidation by a mechanism dependent on PPARα (33). While our results do not exclude the possibility that direct actions of leptin on peripheral tissues such as muscle may contribute to its effects in lipodystrophy, these actions are not required for the metabolic improvement seen after leptin treatment, since the abnormalities in aP2-nSREBP-1c mice were corrected by central leptin administration at doses that have no effect on plasma leptin levels.
Recent data have suggested that leptin reduces adiposity and liver triglyceride content, in part by reducing SCD-1 mRNA and enzymatic activity (19, 34) . Our data are consistent with the possibility that leptin's effects to correct hepatic steatosis in lipodystrophy are also mediated, at least in part, by inhibition of SCD-1. Thus SCD-1 deficiency markedly improves hepatic steatosis in lipodystrophic animals. In aP2-nSREBP-1c transgenic mice, both SCD-1 mRNA levels and enzymatic activity were increased relative to WT controls, and icv leptin treatment significantly reduced SCD-1 mRNA levels and enzymatic activity. This suggests that efferent signals from the CNS are capable of repressing this enzyme. It was previously shown that saturated fatty acyl-CoAs can inhibit ACC, an effect that would decrease cellular malonyl-CoA levels (35, 36) . A decrease in malonyl-CoA would be expected to de-repress the activity of carnitine palmitoyltransferase 1 (CPT-1), the rate-limiting enzyme for the mitochondrial import and oxidation of fatty acids (37) . The data reported here further suggest that repression of SCD-1 is associated with reduced levels of ACC enzymatic activity and decreased malonyl-CoA levels, effects that would in turn act to de-repress CPT-1 and increase fatty acid import and β-oxidation in mitochondria. Other mechanisms might also contribute to the antisteatotic effects of a deficiency of this enzyme.
While the CNS pathways and efferent signals responsible for SCD-1 repression by leptin are unknown, some of leptin's effects might be mediated by repression of neuropeptide Y (NPY). Leptin is known to repress NPY gene expression in hypothalamus, and NPY infusions induce liver ACC activity as well as other lipogenic genes (38) . SCD-1 gene expression was recently shown to be reduced in MCH -/-;ob/ob mice, suggesting that leptin's effects on SCD-1 expression may also be mediated by regulation of melanin-concentrating hormone (MCH) in the lateral hypothalamus (39) . Recently, icv MTII (a melanocortin receptor agonist) injections were shown to decrease SCD-1 expression, suggesting that leptin represses SCD-1 through melanocortin receptors (40) .
While SCD-1 deficiency reduces hepatic steatosis in liver in lipodystrophic mice, these animals remain severely diabetic. This suggests that leptin's antidiabetic effects are not simply a result of its ability to reduce triglyceride levels in peripheral tissues. It is still possible, however, that other lipid moieties that modulate insulin sensitivity remain unchanged in the absence of SCD-1 (41) . The residual diabetes of ab J /ab J ;aP2-nSREBP-1c mice is consistent with the finding that pair-feeding of aP2-nSREBP-1c transgenic mice significantly reduces liver triglycerides to near-normal levels, while the mice remain diabetic (9) . Similarly, ob/ob mice lacking PPARγ in the liver have a significant reduction in liver triglycerides while remaining hyperglycemic and insulin resistant (42) . Thus, reduction of the liver triglyceride content of lipodystrophic mice might not by itself be sufficient to correct their diabetes. This possibility is also suggested by our observation that leptin can correct diabetes and improve hepatic insulin sensitivity in lipodystrophic animals at doses that do not correct hepatic steatosis to WT levels.
Leptin could improve diabetes in lipodystrophy by an insulin-dependent or insulinindependent mechanism. The data presented here support the former possibility and suggest that leptin treatment improves insulin signal transduction in liver. Leptin enhances IRS-2 phosphorylation, IRS-2-associated PI3K activity, and Akt activity in livers of aP2-nSREBP-1c mice. This insulinsensitizing effect in liver seems to be SCD independent, since leptin can improve hyperglycemia and hyperinsulinemia at doses that do not correct SCD-1 expression and enzymatic activity to WT levels. This suggests that other leptinregulated genes or pathways are necessary for leptin's insulin-sensitizing effects. The observation that insulin action is improved at a dose of leptin as low as 50 ng/h may simplify further efforts to elucidate the biochemical mechanism, because potentially confounding effects of this hormone on triglyceride levels and perhaps lipid metabolism are not evident at this dose. Of note, the effects of chronic leptin on glucose metabolism reported here are somewhat different from the acute effects of leptin. In previous studies, leptin was shown to acutely stimulate glucose metabolism in WT mice by an insulin-independent mechanism and to acutely increase glucose turnover in ob/ob mice (5, 43) . The basis for this difference is unknown but could relate to the differential effects of this hormone on liver before and after glycogen stores are depleted.
Finally, we used a novel approach that quantifies the extent of similarity between two pairs of samples and computes the significance of the correlation to compare the effects of central and peripheral leptin. This analysis revealed a nearly identical set of effects of icv and subcutaneous leptin on liver gene expression. This type of analysis is potentially relevant in other settings, including clinical pathology, and for example could be used to determine the significance of the similarity of two tumor samples. The analyses of microarray data do suggest that peripheral leptin has distinct effects on gene expression in skeletal muscle compared with central leptin. While the data from the CNS leptin infusions suggest that these effects are not essential for leptin's effect, the physiologic relevance of these differences can be further investigated using mice with a musclespecific knockout of the leptin receptor (15, 44) . These results showed that for the vast majority of leptin-regulated genes in liver, icv leptin is even more potent than a much higher dose of peripheral leptin. This includes the RNAs for several SREBP-1c-regulated genes, which are generally repressed by leptin. However, in this case we did not observe a change in the RNA levels of SREBP-1c itself. It is possible, however, that SREBP-1c is regulated at the post-transcriptional level and that, as previously shown in adipose tissue, leptin influences the amount of SREBP cleavage in liver (45) .
In conclusion, our findings suggest that leptin's ability to improve the metabolic abnormalities of lipodystrophic mice is indirect via the CNS and that leptin's effect to reduce hepatic steatosis is mediated in part by repression of SCD-1. The current study directly relates to the mechanism of action of leptin in treating the metabolic syndrome associated with lipodystrophy and specifically elucidates the mechanism by which leptin improves hepatic steatosis, a major risk factor for the development of end-stage liver disease (46) . While leptin also improves the diabetes associated with lipodystrophy, its antidiabetic effects appear to be independent of its ability to inhibit this enzyme, a possibility that merits further investigation. A fuller understanding of the mechanism underlying leptin's insulin-sensitizing effects may have important implications for the treatment of diabetes. These results also suggest that leptin treatment could improve insulin signaling in other settings. Even though lipodystrophy is a rare condition, many HIV patients who have been treated with highly active antiretroviral therapy have developed this disease, and leptin treatment may also prove to be of benefit for this growing medical problem.
